Background. Advanced renal artery stenosis (RAS) may cause progressive deterioration in renal function. We correlated the histopathological findings and clinical characteristics in selected patients with atherosclerotic RAS who underwent nephrectomy of their small kidneys for resistant renovascular hypertension. Methods. We studied 62 patients who underwent nephrectomy of a small kidney for uncontrolled hypertension between 1990 and 2000. Results. The mean patient age was 65.4 ± 9.6 years; 28 (45%) were men. Significant tubulointerstitial atrophy with relative glomerular sparing was the predominant pattern of injury in 44 (71%) patients. In 14 (23%) patients, diffuse global glomerulosclerosis was present. The severity of tubulointerstitial atrophy and the extent of glomerulosclerosis were both associated with smaller kidney size (P = 0.002). Three patterns of vascular involvement were present: atheroembolic, atherosclerotic and hypertensive vascular changes, which were documented in 39, 98 and 52% of subjects, respectively. The presence and severity of these vascular changes positively correlated with both atherosclerotic risk factors, such as hypertension, dyslipidaemia and renal insufficiency, and cardiovascular morbidity, including abdominal aortic aneurysm and myocardial infarction. Patients on statin therapy were noted to have less evidence of renal fibrosis as measured by transforming growth factor-beta staining (P = 0.003). Conclusion. The severity of renal histopathological findings in patients who underwent nephrectomy for resistant hypertension correlated with an increased prevalence of cardiovascular disease, a greater degree of renal dysfunction and more severe dyslipidaemia. Statin therapy may affect development of intra-renal injury by slowing the progression of fibrosis.
Introduction
Critical renal artery stenosis (RAS), defined as at least a 75% reduction in arterial diameter, can lead to the clinical syndromes of renovascular hypertension and deterioration in renal function, commonly referred to as ischaemic nephropathy. In renovascular hypertension, renal hypoperfusion distal to the stenosis causes activation of the reninangiotensin-aldosterone system, which stimulates secretion of angiotensin II and aldosterone leading to vasoconstriction and salt retention, respectively.
For deterioration of renal function to occur as a consequence of vascular disease, the entire renal mass must be affected, by either bilateral RAS or stenosis to a solitary kidney. Renal insufficiency does not appear to be simply a function of hypoperfusion and resultant ischaemia, as <10% of normal renal blood flow is required to meet the metabolic needs of renal tissue [1] . Therefore, the term 'chronic azotemic renovascular disease' has been suggested by some authors in place of 'ischaemic nephropathy' and the terms have been used interchangeably in the current literature [2] . Indeed, experimental studies in a pig model of renovascular hypertension showed that cholesterol feeding can induce reactive oxygen species and stimulate tissue fibrogenic cytokines and apoptotic mechanisms, all of which may contribute to renal injury. These data suggest that complex interactions may exist among vascular injury, blood pressure and target organ damage in humans. However, although clinical studies have indicated that up to 16% of patients on haemodialysis may have atherosclerotic renal artery disease that may contribute to their renal failure [3, 4] , the exact mechanisms and resultant pathways of renal injury in patients with RAS are not fully understood. Recent studies on renal fibrogenesis in pig models with RAS and high cholesterol diets compared epithelial to mesenchymal cell transition, renal fibrosis and transforming growth factor (TGF)-beta upregulation in pigs with and without statin therapy. The group with statin therapy had diminished epithelial to mesenchymal cell transition, less renal fibrosis and downregulation of TGF-beta [5] . In humans, treatment with statins was shown not only to reduce the risk of progression, but to induce the regression of the anatomical lesion in RAS [6] . However, the effects of statin therapy on signalling pathways that may mediate renal injury remain unknown. In this study, we aimed (i) to investigate the patterns of glomerular, tubulointerstitial and vascular injuries in renal sections of surgically removed kidneys from patients who underwent nephrectomies of their small, poorly functioning kidneys for resistant hypertension and (ii) to correlate the patterns of renal injury and TGF-beta staining with clinical parameters, including lipid abnormalities and statin therapy.
Materials and methods

Clinical data
This study was approved by the Institutional Review Board. The subjects studied had consented to the use of their records for research purposes. A computerized search of our institution's medical records database was conducted to identify the patients of interest for this study. We identified 62 patients who underwent nephrectomy of a small kidney for uncontrolled hypertension due to RAS secondary to atherosclerosis between 1990 and 2000. Patients requiring nephrectomy for other causes of RAS were excluded. Clinical data were extracted from the medical records, which included inpatient, outpatient, medical provider correspondence and emergency department documentation at the Mayo Clinic Rochester. We have previously reported [7] that nephrectomy in these patients resulted in improved blood pressure control without further loss in renal function. Hypertension in this paper was defined as a persistent systolic blood pressure of >140 mm Hg and diastolic of >90 mm Hg. A favourable blood pressure outcome post-nephrectomy was defined as a systolic blood pressure of <140 mm Hg with a diastolic <90 mm Hg, without the use of any antihypertensive medications, or a reduction in mean arterial pressure [(calculated as systolic + twice diastolic pressure) ÷ 3] >10 mm Hg, or a reduction in the number of antihypertensive medications associated with a >5 mm Hg decrease in mean pressure over a median follow-up of 4 years. Blood pressure recordings were measured on a standard device calibrated at the start of each recording cycle and measured over a 6-or 24-h period. The mean blood pressure value at outpatient visits was used.
Multiple clinical factors were collected including demographic, medical and laboratory histories. The medical history included information on prior renal revascularization, duration of hypertension, presence of diabetes, abdominal aortic aneurysm (AAA), cerebrovascular disease, split-function/ single-kidney glomerular filtration rate (GFR) of the nephrectomized kidney, history of smoking, myocardial infarction (MI) and medication usage: number of hypertension medications, angiotensin-converting enzyme inhibitor (ACEI)/angiotensin receptor blocker (ARB) use, diuretics and statins. Duration of hypertension represented the length of time the patients were treated for hypertension based on outpatient clinical records. This did not take into account the duration of hypertension prior to diagnosis and treatment. Smoking history was obtained from review of clinical records. Information as to whether patients ever smoked and number of packs per year were collected. Laboratory history included a lipid panel and serum creatinine.
Histopathological data
The blocks of renal tissue from the identified patients were retrieved from our institution's database. Periodic Acid Schiff (PAS) staining was performed on representative specimens of the nephrectomies. Slides were interpreted using light microscopy by a renal pathologist who was blinded to the subjects' clinical database and previous renal pathology reports.
Atherosclerotic vessel disease was defined by the presence of fibrointimal hyperplasia of the arcuate and interlobular arteries. The severity of atherosclerotic vessel disease was classified by the percentage of intimal plaque thickness; <25% was mild, 25-75% was moderate and >75% was severe. A representative picture is shown in Figure 1a .
Hypertensive vessel disease was defined by the presence of hypertrophy/hyperplasia of the arcuate arteries, fibromuscular hyperplasia of the interlobular arteries, with or without hyaline sclerosis of the smaller arteries. A representative picture is shown in Figure 1b .
The definition of advanced glomerulosclerosis was based on the presence of ≥30% of sclerotic glomeruli in 10 different representative fields of view. Less than 30% glomerulosclerosis was considered relative glomerular sparing. When used for statistical analysis, glomerulosclerosis was described as a continuous variable from 0 to 100%, determined by the percentage of glomerulosclerosis present in 10 different representative fields of view. Severe tubulointerstitial atrophy was also defined as the presence of ≥30% tubulointerstitial injury, and mild tubulointerstitial atrophy was defined as the presence of <30% tubulointerstitial injury.
TGF-beta staining was performed using immunohistochemistry with a monoclonal antibody against TGF-beta (anti-TGF-beta1). The distribution of TGF-beta staining was defined as staining within the interstitium of <25%, >25% but <50%, >50% or none. The TGF-beta staining protocol utilized the mouse anti-human TGF-beta antibody from Chemicon International. A dilution of 1:1000 of the mouse anti-human TGF-beta was preheated with Pronase Reagent for 8 min at room temperature and then blocked with Avidin/Biotin blocking kit. The primary reagent was incubated at 4°C overnight. Once the secondary and tertiary reagents (Vectastain Elite Rabbit Kit, Vector Laboratories) were applied, the slides were visualized with NovaRed and counterstained with haematoxylin.
Statistical analysis
Continuous variables were described by the mean ± standard deviation or median (range), as appropriate. Categorical variables were described using counts (percent). The univariate and multiple variable models for a discrete outcome, such as intra-renal hypertensive vessel disease (IRHVD), were created using logistic regression to find the odds ratio and P-value. The univariate and multiple variable models of atherosclerotic intra-renal vessel disease and TGF-beta were created using ordinal logistic regression. Continuous variable outcomes, such as glomerulosclerosis, were assessed using linear regression. Covariates examined included demographic factors, such as age, sex and body mass index, medical history, vital signs, lab values and medication usage. One or two of the demographic or medication variables, which were statistically significant in univariate analyses, were adjusted for in the multiple variable models. Additionally, the associations of the vascular pathologies were investigated using chi-square tests, ordered contingency tables and linear regression. All statistical tests were two-sided, and P-values of <0.05 were considered statistically significant. SAS v9.1 (SAS Institute Inc, Cary, NC) was used.
Results
Clinical characteristics
Baseline characteristics of the selected patients with resistant hypertension who underwent nephrectomy secondary to atherosclerotic RAS are summarized in Table 1 . The diagnosis of RAS was made based on an angiogram in 52 (84%) of the patients. Of the remaining 10 (16%), the diagnosis was made based on magnetic resonance angiography in seven patients, and on renogram and Doppler ultrasound in three. In the 62 patients who underwent nephrectomy for uncontrolled hypertension, renal revascularization was not considered technically feasible or beneficial due to the extent of renal atrophy of the affected side and loss of renal function. Of the 62 patients, only 13 (21%) underwent renal revascularization prior to nephrectomy. Of the 13 (21%) patients, 2 had two prior renal endovascular revascularizations, and 1 had three prior renal endovascular revascularizations. Prior revascularization of the affected side was deemed a failure and hence the patients were referred for nephrectomy. Of note, five patients had received bilateral renal revascularization prior to unilateral nephrectomy. Some of the clinical variables were not present or lacking in the medical records, including the number of years and packs per year smoking history, the use of ACEI/ARB and left ventricular ejection fraction. Since these variables were missing in up to 50% of the patients, they were excluded from the statistical analysis. Duration of statin therapy was not collected.
Histopathological characteristics
Severe tubulointerstitial atrophy was present in 58 (93.6%) of the 62 nephrectomy slides. In 53 cases (85.5%), there was evidence of moderate to severe medullary disease, of which 36% displayed thyroidization (atrophic tubules containing proteinaceous casts). Fourteen cases showed advanced glomerulosclerosis (23%) and only one case had 100% sclerosis of the glomeruli. Two major patterns of renal atrophy were present: severe tubulointerstitial atrophy with glomerular sparing, defined as global glomerulosclerosis of <30%, and tubulointerstitial atrophy with glomerular injury of similar severity (Figure 2a, b) . The most common finding was severe tubulointerstitial atrophy with global glomerulo- Ischaemic nephropathy secondary to atherosclerotic renal artery stenosis 3617 sclerosis of <30% in 44 (71%) of the cases. The mean size of the affected kidney based on imaging studies was 7.91 ± 1.57 centimetres (cm) and 8.17 ± 1.10 cm based on the pathologic report. The kidney size of nephrectomized kidneys closely correlated with their respective GFRs, as determined by a nuclear renogram: every 0.5 cm increase in kidney size was associated with a 10% increase in GFR, P = 0.03 ( Figure 3) . The presence of advanced glomerulosclerosis was associated with smaller kidney size, P = 0.002. Specifically, an increase of glomerulosclerosis of 5% was associated with a 0.09 cm decrease in kidney size, with a Spearman correlation coefficient of 0.34 (Figure 4) . Similarly, the severity of tubulointerstitial atrophy correlated with a decrease in kidney size: mild tubulointerstitial atrophy was associated with a mean affected kidney size of 9.7 ± 1.2 cm, compared to 8.0 ± 1.0 cm in patients with severe tubulointerstitial atrophy (P = 0.002). Atheroembolic vessel disease was found at an incidence of 24 (39%) (Figure 5a ), while a microscopic microadenoma was present in 6 (10%) (Figure 5b ). There were two cases of almost complete obstruction of the affected renal artery due to atherosclerotic plaque and hypertensive vessel disease.
Vascular findings
Three types of vessel disease were identified: atherosclerotic, hypertensive and atheroembolic.
Intra-renal atherosclerotic vessel disease
There were three grades of severity of intra-renal atherosclerotic vessel disease (IRAVD): mild (n = 12), moderate (n = 39) and severe (n = 10). All patients had atherosclerotic RAS as the underlying aetiology of renovascular hypertension. Of the 62 patients, 61 (98%) had evidence of IRAVD. One case showed pure hypertensive vessel disease. Multiple clinical variables including age, duration of hypertension, elevated low-density lipoprotein (LDL) and cerebral vessel disease correlated with the degree of IRAVD severity. For example, an increase of 10 years in age was associated with an increase in severity of IRAVD, with an odds ratio of 1.83 (P = 0.03), and there was a strong association with a longer hypertension history (OR = 2.66, P = 0.003). An elevation in LDL by 10 points was associated with 1.22 times the odds of more severe IRAVD (P = 0.048). However, when adjusted for age, the association of an elevated LDL with more severe IRAVD became statistically not significant (P = 0.18). In addition, cerebrovascular disease was found to be weakly associated with increased IRAVD severity (OR = 2.60, P = 0.08). After adjusting for age, this association was no longer statistically significant (P = 0.14), Table 2 .
Intra-renal hypertensive vessel disease
There were 30 cases of IRAVD only, 31 cases of both atherosclerotic and hypertensive vessel disease and one case of IRHVD only. Males had higher odds of having IRHVD than females (OR = 4.58, P = 0.006). There was an association of MI with IRHVD (OR = 4.71, P = 0.03). Moreover, a 10-point drop in high-density lipoprotein (HDL) was associated with 2.20 times the odds of having IRHVD (P = 0.005), while each 0.1 mg/dL increase in serum creatinine was associated with 1.1 times greater odds of having IRHVD (P = 0.01). When adjusted for gender, all other associations with IRHVD became statistically not significant, except for the decreased HDL which remained statistically significant at P = 0.017. Interestingly, having IRHVD was found to be associated with having a more diffuse pattern of global glomerulosclerosis, P = 0.047. When the risk of hypertensive vessel disease was assessed with other clinical variables, such as the duration of hypertension history, pre-nephrectomy blood pressure, number of hypertension medications and smoking history, none were found to have statistical significance, Table 3 .
Atheroembolic vessel disease
Atheroembolic intra-renal vessel disease was present in 39% (24) of the cases. As atheroembolism is commonly precipitated by endovascular interventions, we reviewed all vascular procedures and renal angiograms up to 3 years prior to nephrectomy for our cohort. We found that 93% (57) of all patients in the cohort, and 92% (22) of those with signs of atheroembolic renal disease had at least one intravascular procedure up to 3 years prior to nephrectomy. AAA (OR = 3.22, P = 0.04), elevated serum creatinine (OR = 1.14 for each 0.1 mg/dL increase, P = 0.01) and increased LDL (OR = 1.37 for each 10 mg/dL increase, P = 0.02) were associated with higher odds of having atheroembolic vessel disease. After adjusting for age, the association of atheroembolic intra-renal vessel disease with elevated LDL (OR = 1.42 for each 10 mg/dL increase, P = 0.02), serum creatinine (OR = 1.14 for each 0.1 mg/dL increase, P = 0.009) and having an AAA (OR = 3.37, P = 0.032) remained statistically significant. Furthermore, atheroembolic intra-renal vessel disease was associated with worse renal function (−7.9 mL/min/1.73 m 2 , P = 0.02), Table 4 .
TGF-beta and renal fibrosis
Two main variables were found to have statistically significant associations with the presence of increased TGF-beta staining: no prior history of renal revascularization (OR = 3.23, P = 0.045) and lack of statin use (OR = 5.56, P = 0.003). When adjusted for statin use, the association of prior renal revascularization with TGF-beta was no longer statistically significant. Of note, TGF-beta staining did not correlate with kidney size, and this did not change after adjusting for statin use. Correlation with duration of statin therapy was not performed, as this information was not available. Representative pictures are shown in Figure 6a , b.
Discussion
Our results demonstrate that severe tubulointerstitial atrophy with mild global glomerulosclerosis is the most common f inding in kidney sections from patients who underwent nephrectomy for resistant hypertension and concomitant renovascular disease that led to kidney atrophy. Atherosclerotic RAS was associated with advanced IRAVD, which, in turn, positively correlated with the overall atherosclerotic burden, as manifested by older age, longer duration of hypertension, increased LDL and presence of cerebrovascular disease. In half of our cases, hypertensive vessel disease was present and was associated with an increased prevalence of MI. Moreover, an unexpectedly high rate of atheroembolic disease was recorded prior to nephrectomy, affecting ∼1/3 of the kidneys. This likely contributes to patients' renal injury, subsequent atrophy and deterioration in renal function. Atherosclerotic vascular occlusive disease in renal arteries, similar to other vascular beds, tends to progress [8, 9] . In a study by Caps et al., a total of 295 kidneys in 170 patients with atherosclerotic RAS were monitored with serial renal artery duplex scans for a mean of 33 months. The cumulative incidence of progression was 35% at 3 years and 51% at 5 years, while a total occlusion affected nine renal arteries, all of which had a ≥60% stenosis upon initial examination [10] . The risk of progression was highest in the presence of high-grade stenoses, elevated systolic blood pressure and diabetes mellitus. However, little is known regarding the histopathological changes in renal tissue that accompany RAS and its progression to occlusion. Most of the current data have come from animal studies, which used acute ligation of the renal artery as a model of RAS and related syndromes, i.e. renovascular hypertension and ischaemic renal atrophy. These studies identified tubular cells with active solute transport in the outer medulla as the major target of hypoperfusion injury [11, 12] . In the outer medulla, oxygenation is relatively poor, even under normal conditions, due to the vascular anatomy of the kidney that provides a countercurrent mechanism. Therefore, these cells may be particularly sensitive to renal hypoperfusion and impaired oxygenation that occurs in RAS. Tubular cell dysfunction has been shown to be one of the earliest features of hypertensive vascular disease [13] . These studies further indicated that glomerulosclerosis was rarely present and reported no significant vascular changes in the ligated kidneys. In a recent study by Wright et al., patients with biopsy-proven atherosclerotic nephropathy were followed for about 2 years [14] .
In the group that progressed to worsening renal function, there was histological evidence suggestive of more extensive interstitial atrophy and glomerulosclerosis. These findings correlate with our results and emphasize the important role of histological findings in predicting clinical renal outcome. Animal models of RAS have several limitations as to their applicability to human disease. First, the natural history of RAS is characteristic of a gradual progression, with haemodynamically significant stenosis developing over a long period of time. In contrast, reductions in renal blood flow that are brought on by acute ligations in animal models are abrupt and almost instantaneous. Second, patients with RAS commonly suffer from several co-morbid conditions (such as hyperlipidaemia and preexisting essential hypertension) that previously have been shown to affect their risk for RAS and affect the course, progression and intervention outcomes in these patients.
Our data extend previous observations arising from animal studies to human disease, as data are limited with respect to histopathological findings in human kidneys that have undergone atrophy secondary to advanced atherosclerotic renovascular disease. Similar to animal studies of experimental ischaemic renal atrophy, we report advanced tubulointerstitial atrophy in the sections of human atrophic kidneys. However, unlike those from animal models, these sections demonstrate the presence of glomerulosclerosis and extensive vascular pathology. The chronicity of RAS progression in human disease allows for different protective mechanisms to develop that, on one side, may help preserve renal blood flow and glomerular filtration, while leading to functional and morphological changes on the other side, and which are different from those observed after acute ischaemic injury. For example, upregulation of angiotensin II, although critical in maintaining kidney function distal to a stenosis, simultaneously may lead to cellular proliferation and stimulation of TGF-beta, which contribute to renal fibrogenesis [15] , endothelial dysfunction, accelerated atherosclerosis and progressive glomerular sclerosis. Likewise, renal underperfusion may lead to alterations in vasoactive pathways, including oxidative stress, activation of endothelin and reduced nitric oxide, all of which may modulate cytokines and inflammatory mediators leading to irreversible interstitial fibrosis [1] . Therefore, in human disease, tissue hypoxia is not the only stimulus but likely is one of several stimuli by which underperfusion activates progressive fibrogenesis in the kidney. In addition, comorbid states in these patients may contribute to renal injury, similar to animal studies showing that cholesterol feeding in a pig model of renovascular hypertension stimulates tissue fibrosis [16] . Likewise, in our study, we were able to show that the use of statins markedly decreased the amount of renal fibrosis in patients with atherosclerotic renovascular hypertension.
There are several limitations in our study. First, the length of the kidneys that were used in this study was consistent with advanced atrophy, raising the possibility that some of the findings may be due to end-stage kidneys, rather than underperfusion itself. However, all of these patients had undergone renal imaging prior to nephrectomy that unequivocally confirmed the presence of RAS of more than 75%. Second, as resistant hypertension was an indication for nephrectomy, a preselection bias for extensive hy- Ischaemic nephropathy secondary to atherosclerotic renal artery stenosis 3621 pertensive changes might have occurred. Our study is the first to describe the patterns of injury associated with atherosclerotic RAS and atrophic kidneys in patients with resistant hypertension. A larger study with a control group of patients with the same degree of renal atrophy and resistant hypertension who are treated with medical therapy or stenting may help eliminate some of the bias, but will not allow for clinicopathological correlations, as patients who undergo stenting or medical therapy alone are less likely to have a renal biopsy. Third, we assessed the use of ACEI/ARB as an important variable, but only 50% of our study patients were on these medications. We hypothesized that patients on ACEI/ARB would have less renal damage and potentially less TGF-beta staining, but we did not detect any statistically significant differences. A larger study focusing on the effects of ACEI/ARB on renal pathology of patients with atherosclerotic RAS over the last decade will likely show an increased use of ACEI/ ARB and will be better powered to make conclusions about the effects of these medications. Despite these limitations, our data clearly show extensive tubular atrophy that has been previously described in animal models and demonstrate the additional findings of the combination of glomerulosclerosis and vessel changes (hypertensive, atherosclerotic and atheroembolic disease) that may be characteristic of human disease. We also demonstrate that statin therapy may downregulate TGF-beta expression and signalling, thus limiting renal fibrosis and injury in atherosclerotic RAS. The benefits of the anti-inflammatory effects of statins in preventing cardiovascular disease are well documented [17] , while their anti-fibrotic effects in preventing progression of renal disease [18] and their role in reducing the rate of progression of atherosclerotic RAS [6, 19] are increasingly recognized. Our data suggest that the anti-fibrotic effects of statin therapy in renal disease may be, at least partially, mediated through TGF-beta downregulation.
Conclusion
In summary, our study provides a comprehensive analysis of the histopathological changes in kidneys that were subject to long-standing, chronic underperfusion due to advanced RAS and provides the clinical correlates related to these histopathological findings. The effects of renal underperfusion appear to be mediated by dysregulation of pro-fibrotic pathways and further potentiated by patients' comorbidities, ultimately leading to renal atrophy. In future studies, we are planning to study the relative contributions of different signalling pathways to progressive renal injury under conditions of decreased renal perfusion. These studies may facilitate identification of possible targets for medical therapy that may delay kidney atrophy and deterioration in renal function.
